Salmonella group A, group B, and group D strains have paratose, abequose, and tyvelose, respectively, as the immunodominant sugar in their 0 antigens, which are otherwise identical; only the final steps differ in the biosynthetic pathways of these sugars. The gene rjbJ from a group B strain, encoding abequose synthase, the final and only unique step in the biosynthesis of CDP-abequose, has been cloned and sequenced (P. Wyk and P. Reeves, J. Bacteriol. 171:5687-5693, 1989 The evolutionary origin of these genes is discussed.
The evolutionary origin of these genes is discussed.
We are studying the genetics of a major polymorphism in bacteria, and in the accompanying paper (13), we described and gave the sequence of the rfbJ gene of Salmonella strain LT2 (serovar typhimurium), which encodes the enzyme abequose synthase and determines the 04 epitope characteristic of the 0 antigen of serogroup B strains of salmonellae. In this paper we describe the identification and sequencing of the genes which determine the distinguishing immunodominant sugars for the related 0 antigens of serogroups A and D.
The 0 antigen, a polysaccharide on the cell surface, is in groups A, B, and D a polymer with a repeat unit of four sugars, of which three form a backbone (mannosyl-rhamnosyl-galactose) common to all three groups, while the fourth sugar is a dideoxyhexose linked (al,3) to the mannose residue. The dideoxyhexose is paratose in group A, abequose in group B, and tyvelose in group D. The biosynthetic pathways for these three sugars diverge only at the last steps (Fig. 1) . The genes encoding paratose synthase and CDPtyvelose-2-epimerase have not been named previously, and we propose the names rflS and rJbE, respectively. See the accompanying study (13) for a more detailed introduction.
The genes for the biosynthetic pathways of the dideoxyhexoses are in the rfb gene cluster of the respective strains, and we have shown that there is a region of low homology in the general area of the genes for the latter part of the pathway (12, 13) . In the accompanying study (13) , we identified and characterized the gene rfbJ of strain LT2, and in this study, we identified the genes rJbS and rIbE of strain Ty2 (group D, serovar typhi) and sequenced them. A comparison of rJbJ and rfbS suggests that the two genes have a common ancestor but diverged a very long time ago. The gene ribE for CDP-2-tyvelose epimerase, which converts CDP-paratose to CDP-tyvelose in group D strains, is identi-fied in a group D strain and is shown to be present also in a group A strain but in a mutant form. The inferred amino acid sequences for RfbS and RfbE show that both proteins have homology with well-documented dehydrogenases.
MATERIALS AND METHODS
Strains used as sources of DNA or for cloning are described in Table 1 . All plasmids used contained DNA from the rib regions of Ty2 (Ty2la was used as the source) or IMVS1316, cloned into pUC9 or pUC18. The extent of the cloned DNA has been indicated in the summary diagram (see Fig. 6 ), as have the vector name and the orientation of the insert.
The serovars and sources of group A, B, and D strains used for probing with ribE DNA were as given below (see Acknowledgments for full names of sources). Group A, 5 paratyphi A were from ICPMR and 3 paratyphi A were from MDUM; and one nitra, one kiel, and one paratyphi A var. durazzo were from Le Minor. Group B, 2 typhimurium, one stanley, one derby, and one budapest were from IMVS; one agona, one heidelberg, one bredeney, one hessarek, one derby, and one saintpaul were from ICPMR; and one typhimurium was from MDUM. Group D, one enteritidis, one panama, and one javiana were from ICPMR; and one victoria, one eastboume, and one enteritidis were from MDUM.
Experimental methods, cloning vectors, and sequence analysis. These were as described previously (13) the EcoRI site of both plasmids. The polylinker Sacl site of these plasmids then lay between the tet gene and the fragment to be sequenced, and a series of nested deletions was made from each by cutting with Sacl, digesting with BAL 31, end filling and ligating to EcoRI linkers, and then cutting with EcoRI and ligating again to give circular molecules before transformation. Samples were taken from the BAL 31 digestion at various time intervals before further treatment and transformation. This procedure allowed the BAL 31 exonuclease to remove part of the tet gene and part of the LT2 fragment, with the remaining part of the tet fragment being lost on EcoRI digestion. The resulting plasmids had the polylinker BamHI site at the constant end and an EcoRI site at the varying end of the LT2 fragment. Suitable clones were selected after examination of EcoRI- BamHI digests, and the EcoRI-BamHI fragments were cloned into M13mpl9 for sequencing from the ends of the deletions generated by BAL 31.
RESULTS
The 0 antigen of group A strains has paratose in place of the abequose of group B strains, and as can be seen from Fig. 1 , we would expect the rfbJ gene for abequose synthase, described in the accompanying study (13) , to be replaced by gene rfbS for paratose synthase, with all other genes being identical. In the case of group D strains, we would expect a gene (rfbE) for CDP-tyvelose-2-epimerase, in addition to rJbS.
Our earlier studies (1, 12, 13) had located the rJbJ gene of strain LT2. We therefore transferred plasmids carrying DNA of the corresponding regions of Ty2 (group D) and IMVS1316 (group A) (pPR619 and pPR618 from Ty2 and pPR617 from IMVS1316) to a derivative (CL4419) of strain LT2, and also transferred pPR618 and pPR619 into IMVS1316. Plasmids pPR618 and pPR619 conferred on both recipient strains the ability to express epitope 09, which requires tyvelose. In the case of LT2 carrying pPR618 or pPR619, the strain continued to express epitope 04, showing that both abequose and tyvelose were being made and incorporated into 0 antigen. Likewise, CL4419 carrying pPR617 expressed both epitopes 02 and 04 and, hence, produced both paratose and abequose. In the case of IMVS1316 carrying pPR618 or pPR619, we found only epitope 09, the 02 epitopes of IMVS1316 not being expressed.
We conclude that pPR618 (and also the much larger pPR619) carries the ribS and rflbE genes of Ty2 and that in strain LT2, the gene products convert some of the CDP-4-keto-3,6-dideoxy-D-glucose to CDP-paratose and then to CDP-tyvelose, while the host abequose synthase converts the same substrate to CDP-abequose: both abequose and tyvelose are incorporated into the 0 antigen. Plasmid pPR617 from IMVS1316 contains a 2.3-kb DNA insert corresponding to the 2.3-kb Ty2 DNA insert in pPR618, and it is not distinguishable by restriction enzyme analysis. It nonetheless appears to contain only rfbS and not rflbE, since it confers on CL4419 the ability to make epitope 02 but not 09. The genes rJbS and rfbJ must both function and give both CDP-abequose and CDP-paratose within the cell.
When pPR618 or pPR619 is present in IMVS1316, it appears that all of the CDP-paratose is converted to CDPtyvelose before incorporation into 0 antigen, since only epitope 09 is detected.
We then made from pPR618 plasmid pPR652 (8.6 to 10.0), which conferred on IMVS1316 the ability to express epitope 09 (alone) but had no effect on CL4419 and, hence, presumably carried rfbE but not ribS. Plasmid pPR620 (8.6 to 9.7) made from pPR618 did not confer 02 or 09 expression, and presumably part of rfbE was missing. From pPR618 we also made plasmid pPR657 (9.7 to 10.9), which conferred on CL4419 the ability to express epitope 02 (together with 04 but not 09) and, hence, presumably carried rfbS but not rfbE. The presence of pPR657 had no effect on IMVS1316.
Sequences of rflS and ribE of Ty2 and properties of the predicted proteins. rfbS and rfbE were located to the 9.7 to 10.9 and 8.6 to 10.0 regions, respectively, and the EcoRI fragment from 8.6 to 10.9 was sequenced (Fig. 2) . The 327 bases from the EcoRI site at 10.9 were identical to the sequence of strain LT2 and comprise an incomplete open reading frame. After a few bases, this is followed by two TrpIleGlyIleTyrProGlyLeuThrThrGluHisLeuAspTyrValValSerLysPheGluGluPhePheGlyLeuAsnPhe' * * TGGAT1TGGTATTTATCCAGGCTTGhCTACAGAGCATTTAGATTATGTAGTTAGCAA GTTTGAG GTTCTTTGGTTTGAATTTCTAATTTTTGGGGGATTCCCTCTATGATTTC TGGATTGGTATTTATCCAGGCTTGC=TACGACATTGTTATGTAGTTA GC:AAGTTTGAAGSTTCTTTGG ;AAATTTCTAATTCAATTTATTCTATCTGGTGATTGCG------+1.
50. The start codon of ribE overlaps the stop codon of rfbS. The ribE-encoded protein had a predicted molecular mass of 39,062 daltons, with a hydrophobicity index of 12.5. The predicted secondary structure of this protein also suggested the presence of both alpha helices and beta pleated sheets. There was a strong Shine-Dalgarno sequence, GAGGA, six base pairs upstream of the start codon.
We next sequenced the region of IMVS1316 (group A), corresponding to the rfbE gene of Ty2; the sequences were identical except for the loss of one of four consecutive thymine residues which converts codon 4 to a stop codon, thus accounting for the absence of tyvelose epimerase in this strain. Presumably, IMVS1316 arose from a group D strain by a single frameshift mutation.
Presence of ribE DNA in all group A strains. The KpnIHindlIl fragment (see 8.9 to 9.7 in Fig. 6 or residues 839 to 1640 in the sequence) was isolated from plasmid pPR620, nick translated, and used to probe a set of strains of groups A, B, and D. All the salmonella strains listed in Table 1 Minicell studies. We looked at proteins from minicells of DS410 carrying various plasmids (Fig. 3) . Bands corresponding to proteins of 31.1, 30.0, and 27.5 kilodaltons (kDa) were seen for all plasmid-carrying strains, including DS410 carrying pUC9, and indicate vector proteins. pPR618 and pPR652 both confer rfbE function, and we saw a major band at the 38.0-kDa position which corresponds to the calculated Mr 39,062 protein predicted. Two faster-running bands were also seen and may represent degradation products. pPR618 also carried rfbS, whereas pPR652 does not, but no difference was seen, and the two bands above the 31.1-kDa band cannot represent RfbS. pPR657 carries ribS only but generates no bands other than those of the pUC9 strain, and we conclude that paratose synthase, the product of rfbS, is not made in a sufficient amount to be visible in these conditions. pPR617 carries the fragment from strain IMVS1316 corresponding to the Ty2 fragment in pPR618; the major band and two faster-running bands are all absent, confirming that they relate to rfbE, which is mutant in IMVS1316. Again the pattern was the same as for the pUC9 strain, showing that the rfbS product was not detected in the IMVS1316-derived clone.
The CDP-tyvelose-2-epimerase is thus, as expected, produced only in strains carrying rfbE from Ty2 and is produced in such amounts that it is also clearly visible in Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (data not shown). We were unable to see the paratose synthase, although the equivalent abequose synthase was visible in minicells (13) ; the difference may lie in different levels of natural translation or in differences in transcriptional readthrough from the lac promoter in the two plasmids used. Abequose synthase contains eight residues of methionine, whereas paratose synthase contains only five, but this does not seem sufficient to account for the difference in apparent expression levels. There is a poor Shine-Dalgarno sequence before the rJbJ start (13) strains contain CDP-paratose, but when an ribE gene is introduced such that CDP-tyvelose is also present, then only epitope 09 is detected, indicating that only tyvelose is transferred.
We have not tested rfbE mutants of our own group D strains, but there is a report (11) of a mutant of a presumed rJbE mutant of a group D strain which was 02+ and 09-, indicating that the transferase of a group D strain can transfer paratose. Thus, the transferases of groups A and D can transfer paratose, but each transfers tyvelose preferentially when both CDP derivatives are present. The prevalence of tyvelose in the 0 antigen cannot be attributed to an excess of CDP-tyvelose, since the epimerase gives approximately equal amounts (45:55 ratio of CDP-paratose to CDP-tyvelose) at equilibrium (6) , and if equilibrium were not reached, CDP-paratose would be in excess. This preference for tyvelose on the part of the transferase from both groups is understandable if group A strains are all recent derivatives of group D strains, in which selection has been for the transfer of tyvelose from a pool of both CDP-paratose and CDP-tyvelose. This same transferase can transfer abequose, since we have shown (13) that when an rJbJ gene is added, both group A and group D strains express epitope 04 in addition to their native 02 or 09 epitope.
The transferase of group B strains is similar to that of group A and group D strains, and indeed our experiments do not distinguish them. It also can transfer tyvelose or paratose in addition to abequose (13) , and it appears to transfer tyvelose in preference to paratose, since epitope 09 and not 02 is expressed well in a group B strain (CL4419) carrying cloned rfbS and rfbE (13) .
Comparison of paratose synthase with abequose synthase and other proteins. Paratose synthase, with 279 residues (deduced from the DNA sequence), is slightly shorter than abequose synthase (13) , with 299 residues. A comparison of the sequences shows that although they are related, there has been substantial divergence; an MTX plot of the two sequences shows intermittent homology at the amino-ter-J. BACTERIOL. were identified by Rossman et al. (10) for sequences 1 to 6 and are circled. Sequence 8 is taken from the accompanying study (13), sequences 9 and 10 are from this study, and sequence 11 is from reference 5. These four bacterial sequences have been aligned by eye with the other seven sequences. The residues shown under ,1A and ,BB comprise essentially the first two ,B sheets predicted. We have shaded homologous residues by using three criteria: (i) all residues circled as indicated above; (ii) all residues in sequences 7 to 9 which are identical or very similar to circled residues; (iii) all blocks of two or more identical or similar residues at a given position, unless the homology involves only two of the four enzyme specificities represented by sequences 1 to 7. In most positions only one set of identical or similar residues were found; in the other positions, distinctive shading was used for one of the two sets.
minal end and long regions of moderate homology in the carboxy-terminal half (Fig. 4) . The secondary structure prediction for paratose synthase (not shown) resembles that for abequose synthase (13) The homology between abequose synthase and UDPglucose-4-epimerase was discussed in the accompanying paper, and the extension of this homology to paratose synthase and another epimerase confirms the presumption that the homology between epimerases and dehydrogenases is meaningful.
Evolution of the 04 or 09 (abequose or tyvelose) polymorphism. There have been several insertions or deletions during the evolution of the two genes, and in parts it is not possible to be confident of the original alignment. The amino acid alignment given by BESTFIT was used for Fig. 2 , since it gave fewer insertion or deletion events than SEQHP did and indicated conservative changes. SEQA gave an alignment for the nucleotide sequences which differed in several places to maximize nucleotide homology, but this entailed frameshift differences and hence was ruled out as improba- ble. Both programs gave the same alignment in the areas of strong homology.
Of the 277 aligned amino acid residues, 73 (26.4%) were identical, and of the 204 (73.6%) which have been substituted, 78 (28.2% of total residues) showed a conservative change, as indicated by BESTFIT. The remaining 126 residues (45.5%) have undergone changes not considered conservative in that analysis. At the DNA sequence level there were differences in 452 (54%) of the 831 bases, corresponding to the 277 aligned amino acids.
We have shown previously that the region comprising the rfbJ and rfbS genes will anneal in heteroduplex analysis (12) The functional difference between abequose synthase and paratose synthase lies in the side of the pyranose ring from which the keto group on carbon 4 is attacked in the reduction of CDP-4-keto-3,6-dideoxy-D-glucose (Fig. 1) . It seems unlikely that all of the sequence differences between the two enzymes reflect that functional difference, since they use the same substrate and cofactor, and, further, as discussed in the accompanying paper (13) , both reactions can be carried out on a related substrate by the single enzyme UDPglucose-4-epimerase. Much or even most of the difference between the two genes may thus be due to genetic drift. This is supported by the very high level (49%) of base 3 synonymous substitution in the codons with conserved amino acids. We conclude then that the two genes evolved from a common ancestral gene, but the time of the divergence is ancient. Our data shed little light on the origin of ribE, which is inserted within this region of low homology in groups A and D only. The termination codon of rfbS and the start codon of rfbE overlap, suggesting that the two genes have been associated for a long time for this juxtaposition to be effected, but this does not help determine the nature of the ancestral synthase gene. In Fig. 7 we have simply shown an rfbE gene in brackets to indicate our lack of knowledge.
In summary, we conclude that the most probable sequence of events on the present evidence is that the polymorphism based on abequose and paratose arose by divergence from an ancestral gene to give abequose and paratose synthase in different strains or species and that this happened in a bacterial group with low G+C content. Later a recombination event brought either rfbS or rJbJ into the genetic background of the other. These events were followed by one form being picked up by a Salmonella strain and becoming adapted to put a dideoxyhexose into its own 0 antigen, after which the other form was able to enter by homologous recombination. We do not yet know which other genes are in the approximately 2.7-kb region of low homology not yet accounted for, nor do we know much of the rff gene cluster of other Salmonella strains. We are continuing our study of groups A, B, and D and are extending it to include strains with rather different 0 antigens in order to further illuminate the evolution of the 0 antigen polymorphism of the genus Salmonella.
